Research Highlights: In Central Europe, Douglas fir became more responsive to summer drought in recent years. Background and Objectives: Until now, Douglas fir has been considered a tree species resistant to drought. However, how Douglas fir will be able to cope with the increasing frequency and intensity of summer heat waves remains a question. The long-term variability in the climate response of Douglas fir in Central European conditions has not been fully explored. The aim of the study was to identify climatic factors controlling the stem radial growth of Douglas fir and Norway spruce, and to examine the temporal changes in tree responses to key climatic variables related to drought stress. Materials and Methods: We analysed the pattern of the climate-growth relationship of Douglas fir and Norway spruce, growing in mixed stands distributed between 260 and 600 m above sea level, which corresponds with the altitudinal zone of intensive spruce dieback in the Czech Republic. Nine-site tree-ring-width chronologies were developed for each tree species. Pointer year analysis and correlation analysis in combination with principal component analysis were used to identify climatic factors limiting their growth. Moving correlation function was computed to assess temporal changes of the climate-growth relationship. Results: In the entire 1961-2015 period, growth of both species was positively related to summer precipitation. The response to temperature differed between species. While spruce was negatively affected by the temperatures in summer months, the increments of Douglas fir were positively correlated with the temperatures in February and March. However, moving correlation analysis revealed recently increasing sensitivity to summer temperatures also for Douglas fir. Higher responsiveness of Douglas fir to drought was also revealed by the increasing frequency of negative pointer years in the 2003-2015 period. Conclusions: The recommendations of Douglas fir as a suitable alternative tree species for declining spruce stands at lower altitudes must be regarded with caution.
Introduction
Douglas fir (Pseudotsuga menziesii [Mirb.] Franco) is an important introduced tree species in Europe. In contrast to the inland variety Pseudotsuga menziesii var. glauca, the coastal variety Pseudotsuga menziesii var. menziesii was found to be suitable for European forests [1, 2] . High growth rates [3] [4] [5] , good wood quality [6] , resistance against fungal pathogens and low numbers of pests and diseases [7] are factors that have contributed to the current widespread distribution of Douglas fir in European forests [8] . This tree's value in the coming years is likely to increase further [9, 10] . In Central Europe, the foresters are interested in Douglas fir as a tree species that, due to its higher resilience to water deficit, could partially replace spruce in the lower altitudes and; thereby, mitigate economic and production losses caused by an extensive decline of spruce stands [11] [12] [13] .
Douglas fir is more resistant to drought than spruce [14, 15] and is sometimes called "dry spruce" (Trockenfichte). This is because of its massive root system [16] , abundant leaf waxes and effective stomatal control mechanism [17] , and its high resistance to cavitation [18] . However, studies of Douglas fir within its natural range (north-western United States) have shown that a reduction in water availability limits its growth more than the temperature or the length of the growing season [19] . In addition, a study by Sergent et al. [20] from two regions of France recently revealed a significant growth reduction and dieback of Douglas fir trees due to soil moisture deficit after an extremely dry summer in 2003.
Trnka et al. [21] monitored the occurrence of drought in Central Europe in the 1961-2014 period. The highest increase in drought episodes was recently recorded in the continental region at altitudes from 200-600 m above sea level (m a.s.l.). Climate change projections suggest that hot and dry waves will become even more frequent and intense in Europe in the future [22, 23] . These climatic phenomena; therefore, appear to be potentially damaging to Douglas fir growth. However, the long-term variability in climate sensitivity of Douglas fir in Central European conditions has not been fully explored.
For this study, we analysed the pattern of the climate-growth relationship of Douglas fir and Norway spruce, growing in mixed stands distributed between 260 and 600 m a.s.l., which corresponds with the altitudinal zone of intensive spruce dieback in recent years. The aim of the study was to identify climatic factors controlling the stem radial growth of both tree species, and to examine the temporal changes in tree response to key climatic variables related to drought stress. We hypothesized that not only spruce, but also Douglas fir, are more affected by summer droughts with the increasing frequency and intensity of drought episodes in recent years. The results of this study may be useful in management decisions related to an alternative tree species composition for declining spruce stands at lower altitudes.
Materials and Methods

Study Sites and Data Collection
Our study was performed in the Opočno, Písek and Prostějov regions of the Czech Republic (Figure 1 ), where Douglas fir was introduced in the forest stands at the turn of the 19th and 20th centuries. Unfortunately, the majority of mature Douglas fir stands in the Czech Republic, as well as those in much of Europe, are of unknown origin, and their provenance can only be determined roughly according to the scarce data on the import of seeds [24] . Because we do not have any information about the origin of the stands included in this study, the effect of provenance on growth performance cannot be evaluated. In each region, three mixed stands, composed of Douglas fir (Pseudotsuga menziesii (Mirbel) Franco) and Norway spruce (Picea abies (L.) Karst.), were selected at sites with typical conditions. While poor, acidic sites prevail at Opočno, nutrient-medium or nutrient-rich sites are more common at Písek and Prostějov (Table 1 ). All stands are located between 260-600 m a.s.l. The lower sites at Opočno and Písek belong to the colline and upper-colline vegetation belt [25] . The sites are characterized by mean annual temperatures of 9.1 • C and 8.1 • C and total annual precipitations of 605 and 572 mm, respectively. Prostějov sites are located in the submontane belt with a mean annual temperature of 6.7 • C and a sum of annual precipitation of 651 mm. Climatic data were obtained from the representative meteorological stations in given regions: Hradec Králové (Opočno region, 278 m a.s.l.), Vráž (Písek region, 433 m a.s.l.) and Protivanov (Prostějov region, 670 m a.s.l.) ( Figure 1 ). Mean monthly temperatures and mean monthly precipitation sums are depicted in climate diagrams of individual meteorological stations ( Figure 2 ). All climatic characteristics were calculated for the recent climatic normal for the period 1981-2010.
Increment cores were taken during 2016 and 2017. At least 20 dominant or co-dominant trees per tree species were selected at each stand; thus, we obtained two tree sets for each site. Two cores per tree were taken at breast height (1.3 m above ground). To avoid compression wood, core sampling was performed along the contour line. 
Data Processing and Chronology Development
Tree-ring widths (TRWs) were measured to an accuracy of 0.01 mm, using the VIAS TimeTable measuring stage, and were subsequently visually cross-dated and statistically verified using the PAST 4 [27] and COFECHA programmes [28, 29] . The anomalies in tree-ring formation, such as partly and completely missing rings, were detected during this stage [30] . The basic statistics of raw TRW series, such as the proportion of missing rings, the average correlation with master chronology, mean sensitivity (a measure of the annual variability in tree rings), mean rbar (a statistic referring to the signal strength throughout the chronology) and the first-order autocorrelation in the series (a measure of the association between growth in the previous year and that in the current year) were then computed ( Table 1 ). The raw TRW data are provided in data file: Supplementary data file: S1_Tree-ring data.
Individual TRW series were detrended using standard dendrochronological methods [30] . A cubic smoothing spline, with a 50% frequency cut-off at 78 years, was fitted to each series to preserve high frequency (inter-annual) variations for climate-growth analysis [31] . The spline length corresponds to the mean segment length of all tree sets. The remaining autocorrelation was eliminated by autoregressive modelling in ARSTAN software [32] . The resulting residual chronologies were aggregated in site-species-level chronologies by calculating the bi-weight robust means. Mean sensitivity and expressed population signal (EPS) were derived for each chronology (Table 1) . EPS quantifies the degree to which a particular sample chronology portrays the hypothetically perfect chronology, which may in turn be regarded as the potential climate signal [33] .
Hierarchical cluster analysis (Ward's method, Euclidean distances) was used to reveal the similarity in growth pattern among residual chronologies for the common period of 1961-2015. In addition, the principal component analysis (PCA) [34] was applied to the same data matrix to assess the common signal captured in the main components of variance. Higher common variance indicates a greater climatic influence on tree growth [35] .
Growth-Climate Relationship
The climatic data for the growth-climate response analysis were obtained from representative meteorological stations located in the same region as the sample sites ( Figure 1 ). Mean monthly temperatures and monthly precipitation sums were available at all stations for the period of 1961-2015. Pointer year analysis and correlation analysis in combination with PCA were used to study the climate-growth relationship. Pointer year analysis identifies climatic factors causing acute stress to trees; the correlation analysis reveals those factors that have a long-term impact on growth. PCA was applied to uncover patterns in growth response dependent on the tree species and region.
Pointer years were evaluated for each tree set truncated at a minimum sample replication of 15 trees. For each tree, the negative event years were defined as extremely narrow rings for which TRW reduction was 40% or greater, compared with the average value of TRW in the previous four years [36] . A negative pointer year occurred when an event year was identified for at least 30% of trees within the set. The occurrence of pointer years was evaluated for the period common to all sets of trees (i.e., 1961-2015). The differences in the frequencies of pointer years were tested by two-way ANOVA, using "tree species" and "region" as the independent variables. The strength of negative pointer years was determined on a species-region basis following the hierarchy of clusters at the final level of branching of the dendrogram. The values of relative growth change (RGC), expressed as the ratio of TRW to the mean TRW of previous four years, were calculated for every single tree ring in the period 1961-2015. In each region the mean annual RGC values were computed for a given tree species. After z-transformation of RGC series, the strength of growth changes was evaluated using the following thresholds: z = −1 for a weak, z = −1.28 for a strong and z = −1.645 for an extreme negative pointer year, corresponding to the lower 16%, 10% and 5% quantile, respectively, of the standard normal distribution [37] .
Long-term growth-climate relationships were evaluated for each tree set using a simple correlation analysis (Pearson's correlation coefficient) in the period 1961-2015. Monthly climatic variables entered the analysis in sequence from April of the previous year to August of the current year (i.e., the observation year for growth parameters). With the exception of monthly data, we also selected seasonal values (mean temperature, February-March and June-August; sum of precipitation, April-August and June-August) to determine correlation with TRW indices.
PCA was performed to elucidate the structure and the linkages in the correlation matrices that resulted from previous analysis. The PCA was run separately for the matrix of growth-temperature and growth-precipitation correlations, respectively. The significant principal components were selected in accordance with Kaiser's rule (i.e., an eigenvalue > 1) [38] .
Due to ongoing climate change, the growth-climate relationship may be variable. To assess temporal stability, we computed the moving correlations [35] . The method is based on progressively shifting the period of a fixed number of years across time to compute the correlation coefficients. In this study, we chose a window of 25 years, which corresponds to approximately half of the period length for which climatic data was available. Standardized TRWs were gradually correlated to selected seasonal climatic values, such as the mean temperatures and the sum of precipitation during the peak growing season (June-August), starting with the 1962-1986 period.
Results
TRW Chronologies
The mean TRWs of Douglas fir exceeded those of spruce at all sites investigated ( Table 1 ). The ages of Douglas fir and Norway spruce were comparable at all sites; therefore, it was possible to compare production of both tree species for the given site conditions. Missing rings occurred infrequently in the series of both species. For Douglas fir, the failure in ring formation was identified in the 1952-1957 and 1976-1979 periods; for spruce it was later, during the early-to mid-1990s and then from 2010-2015. Higher values of mean sensitivity for spruce at Opočno and Písek indicated a higher year-to-year variability at these sites. On the other hand, in the Prostějov region, the mean sensitivities of spruce and Douglas fir were similar. The signal strength throughout the chronology, as expressed by the high values of rbar statistic, points to the climatic control of Douglas fir and spruce growth. High first order autocorrelation suggests that the growth of both tree species in the current year was strongly influenced by conditions in the preceding year. All tree sets had EPS values above 0.85. TRW chronologies of Douglas fir and spruce showed synchronous year-to-year fluctuations within the given region, as well as between different regions; however, the variability of spruce TRWs were higher than those of Douglas fir (Figure 3) .
At the final level of branching, cluster analysis assorted the chronologies according to their affiliation to the tree species and region (Figure 4 ). The only exception was the PI3-Df set, which was clustered with Douglas fir from Prostějov. Nevertheless, four larger groups can be distinguished within the hierarchical tree: (1) most of the Douglas-fir sets, (2) spruce from Prostějov, (3) spruce from Opočno and (4) spruce and two sets of Douglas fir from Písek. It is interesting that the Douglas-fir chronologies showed closer linkages across different regions than those of spruce.
The PCA revealed that TRW chronologies were relatively similar. The common signal captured in the first PCA axis (PC1) was 56% (Figure 5a ). The second PCA axis (PC2) divided chronologies into two groups according to the tree species. The first two principal components accounted for 68% of the total variability in the data. PCA loadings on axis three were differentiated mainly by region ( Figure 5b) ; however, the contribution of that axis to the description of the overall variance in the data was small (9%). 
Growth-Climate Relationship
By the end of the 1970s, the occurrence of negative pointer years for Douglas fir and spruce was comparable (Figure 6a ). Since the 1980s, the frequency of negative pointer years increased for spruce sets. However, after 2003, an increase in the occurrence of pointer years is evident also for Douglas fir. Negative pointer years common to more than 50% of spruce sets were identified in 1962, 1992, 1993, 2003, 2004 and 2015 ; for Douglas fir they were identified only in 1976. In the entire period 1961-2015, spruce showed a higher frequency of pointer years than Douglas fir in all regions investigated. The highest frequency was recorded in the Písek region, both for spruce and Douglas fir. At Písek and Opočno, the difference in the frequency of pointer years between Douglas fir and spruce was significant. The evaluation of pointer year strength revealed increased extremity of growth changes for spruce after 1992, with the most prominent shift in the Prostějov region (Figure 6b ). The results of correlation analysis showed that there were differences between Douglas fir and spruce in their response to temperatures. While the increments of Douglas fir were positively related to the temperatures in February and March of the current year, spruce was most affected by the temperatures during the peak growing season (June-August). Both Douglas fir and spruce responded negatively to high temperatures in September of the previous year (Figure 7a ). Both tree species had a positive relationship to the precipitation in July and to the rainfall totals in the summer months of June-August (Figure 7b ). At the Opočno and Písek sites, the precipitation in the entire vegetation season (April-August) also significantly affected the growth.
The PCA biplots clearly showed the pattern of the climate-growth relationships of Douglas fir and spruce in different regions (Figure 8 ). PCA revealed a strong common signal in the temperature-growth relationship (Figure 8a ). All TRW chronologies were scattered in quadrants I and IV, indicating their positive correlations with the first PCA axis, which explained 79% of the total variability. The second PCA axis divided chronologies into two groups according to the tree species. PCA confirmed the limitations of spruce growth by summer temperatures, while Douglas fir growth was related more to temperatures in February and March. No differences in temperature response were detected among the regions. Different patterns were observed for the precipitation-growth relationship (Figure 8b ). The common signal in the precipitation-growth relationship was slightly weaker when compared to that of temperature. PC1 accounted for 69% of the total variability. The plot of PC1 against PC2 revealed two distinct clusters of TRW chronologies, reflecting regional differences. TRW chronologies from Písek were clearly separated from those from Opočno and Prostějov. The growth of both tree species at all sites was positively related to the summer rainfalls; however, for trees at the Opočno and Prostějov sites, the limitation by precipitation amounts in March of the current year and the previous December was also obvious. The temporal stability of the climate-growth relationship was studied using moving correlations. Except for the relations with summer temperatures and summer rainfalls (Figure 9 ), all statistically significant relationships proved to be stable over time for both tree species. At the Opočno sites, spruce was significantly and constantly affected by summer temperatures (negative correlation) as well as summer precipitation (positive correlation). Douglas fir seemed to be less responsive to summer temperatures, although, starting with the period 1984-2008, the negative effect of temperatures began to increase (the value of correlation coefficient steadily decreased). Similarly, to spruce, the Douglas fir was significantly affected by summer rainfalls in all time intervals. At the Písek sites, the situation was analogous to that of Opočno. Both species had a significant positive relationship to June-August precipitation. The effect of summer temperatures was negative; however, for Douglas fir the relationship was not significant in the majority of the studied periods. Interesting results were obtained for Prostějov. In the first three time intervals, summer temperatures did not have a significant effect on spruce growth. However, starting from 1968-1992, high summer temperatures became a factor that significantly reduced the growth of spruce in this region. The negative impact of summer temperatures on Douglas fir growth was evident only after the 1980-2004 period. Temporal changes were recorded also in the relationship of spruce increments and summer rainfalls. Since the period of 1968-1992, the values of correlation coefficients had a steady upward trend and, since the period of 1984-2008, they are statistically significant. Douglas fir growth was also positively correlated with summer precipitation totals, but the correlation coefficients did not reach significant values in most time intervals; however, since the 1986-2010 period, a steady increase of correlation coefficients was observed. 
Discussion
Our study reveals greater similarities in the growth pattern of Douglas-fir chronologies across the different regions than those of spruce. Probably due to its broad ecological amplitude [39] , Douglas fir is better able to cope with varying site conditions. At the same time, Douglas fir exhibited lower year-to-year variability of TRW indices when compared to spruce at sites with altitudes up to 500 m a.s.l. This means that Douglas fir is less sensitive to climatic conditions than spruce, which is growing out of its ecological optimum at these sites [40] . However, all tree sets show EPS values above 0.85, indicating a strong climate signal in their TRW chronologies [33] .
For Douglas fir, the failures in ring formation were detected in the 1952-1957 and 1976-1979 time periods. The first period coincides with a heavy winter frost in the mid 1950´s, mainly in 1954 and 1956.
In February 1956, persistent and severe cold was observed over the entire European continent [41, 42] . The year 1976 was known to be a dry year in Europe [43] , but because Douglas fir did not exhibit any failure in ring formation in other dry years, it is likely that the reason was rather heavy late frost during May of that year [44] . Detected missing rings in 1979 can be attributed to the sharp temperature break and strong frost at the turn of 1978 and 1979 [45] . On the other hand, spruce growth failed during the hot and dry periods in the first half of the 1990s [46] and after 2010, when there was an extreme drought, namely in 2015 [47] .
These findings correspond to the results of the pointer year analysis. The growth minimum common to most Douglas fir sets was identified only in 1976. Here the cause was probably the late frost, to which the Douglas fir is sensitive [48, 49] . The common negative pointer years for spruce were identified in 1962, 1992, 1993, 2003, 2004 and 2015 . The analysis of climate data from nearby meteorological stations confirms that these years were extremely dry and, except in 1962, hot. Douglas fir was probably able to cope with the water deficit better than spruce. A higher resistance to drought of Douglas fir was proved earlier by Eilmann and Rigling [14] or Nadezhdina et al. [15] . However, after 2003, an increase in the occurrence of pointer years is evident also for Douglas fir. This is in line with the findings of Sergent et al. [20] , who observed an extensive dieback of Douglas fir after 2003 in France. The acute drought stress of 2003 had consequences not only on diameter growth but more pronounced effect was observed when studying tree height [50] .
To explore the long-term climate-growth relationship, the correlation analysis and PCA were preferable to response function analysis, because the climatic data were only available for a 55-year period . In order to provide a sufficient number of degrees of freedom, the length of the period studied should be twice as long as the number of predictors, which was 34 in this study.
PCA confirmed that the growth-temperature relationship was species-specific. In contrast, the tree response to precipitation differed according to region. The Písek sites, which received the lowest rainfalls, exhibit a different pattern than sites at Opočno and Prostějov. The regional differences in precipitation sums and their annual distribution are probably the cause for differentiating the tree responses.
In our study, Douglas fir growth is stimulated mainly by high temperatures in February and March of the current year, which points to Douglas fir's preference for mild winters [51] . In severe winters with deep-frozen soil, winter desiccation threatens Douglas fir trees [49, 52] . Both Douglas fir and spruce growth reacted negatively to high temperatures in September of the previous year. Warmer autumn temperatures can delay cold hardening and increase cold injury [53] . Mainly high temperatures and lack of precipitation during the summer limited spruce growth in all three regions investigated. Sensitivity of spruce to summer drought was recently reported in Central Europe for altitudes up to 600 m a.s.l. [54] . Although Douglas fir had a neutral relationship to summer temperatures, the lack of precipitation had a significant negative impact on growth. Similarly, Littell et al. [19] concluded that reduced water availability limits the growth of Douglas fir more than the temperature or the length of the growing season does. However, the results of moving correlation showed an increasing sensitivity of Douglas fir to the summer temperatures in the Prostějov and Opočno regions since 2004 and 2008, respectively.
Pretel et al. [55] analysed changes in basic meteorological parameters for the entirety of the Czech Republic. Despite the significant year-to-year differences, the average annual temperatures in the last fifty years showed an increase of 0.3 • C for every 10 years. The rate of temperature increase is faster in summer (0.4 • C) and slower in autumn (0.1 • C). On the other hand, the number of ice and arctic days has decreased. Rainfall totals show significant variability over the year (monthly sums), but minimal changes in annual sums. Trnka et al. [21] concluded that the increase in drought at the end of the 20th and the beginning of the 21st century is not due to a lack of precipitation, but rather due to increased evaporation. In addition, the increase in air temperature does not have as significant of an effect upon drought conditions as does the decrease in air humidity or increase in sunlight. Climatic models predict a rise in temperature in Central Europe of approximately 2 to 4 • C by the end of the 21st century [56, 57] . The same authors expect changes in rainfall totals in Central Europe, ranging from −15% to +5%.
Due to predicted mild winters in the future, the damage of Douglas fir stands by frost is not an acute threat, although local damage by early and late frosts is possible. The potential risk for Douglas fir growing in Central Europe is rather an increasing water deficit. Chakraborty et al. [2] predict decreasing growth performance of Douglas fir at low (up to 500 m a.s.l.) and middle (500-1000 m a.s.l.) elevations, but increasing growth performance on high elevation sites in Austria and Bavaria. Resistance to drought can be significantly influenced by the choice of a suitable provenance [58] [59] [60] . The study of Kleinschmit [61] showed that fast-growing provenances are more vulnerable to climatic extremes. Therefore, high yielding provenances from the coastal areas of North America may not be the most promising for future use in Central European conditions [1] . The assessment of ongoing provenance trials in the Czech Republic documented better production for lower yielding provenances on the plots with harsher climatic conditions [24] . Aspects of resistance to drought and other climatic extremes should be preferred to high yield when selecting appropriate provenances.
Conclusions
In the past, Douglas fir exhibited vulnerability to the frost events, while spruce growth was impaired mainly by summer drought. This trend has substantially changed in recent years when Douglas fir became more sensitive to drought stress. After 2003, Douglas fir responded by abrupt growth decrease in dry years in a manner similar to spruce, and its sensitivity to summer temperatures have increased steadily. Hence, the resistance to drought should be seriously considered when selecting suitable provenances for cultivation in Central European conditions. The recommendations of Douglas fir as a suitable alternative tree species for lower altitudes must be regarded with caution.
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